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We perform quantum logic spectroscopy (QLS) on 27Al+ ion 1S0 -
3P1 transition, which is an
important step toward the QLS based 27Al+ ion optical clock. As a precondition of QLS, both the
stretch (STR) mode and the common (COM) mode of the 27Al+ and 25Mg+ ions pair are cooled to
the vibrational ground state by Raman sideband cooling. The mean phonon number is measured
to be 0.10(1) for the STR mode and 0.01(1) for the COM mode, respectively. The heating rate is
evaluated to be 13(3) phonons/s for the STR mode and 5.5(1) phonons/s for the COM mode.
PACS numbers: 06.30.FT, 37.10.Ty, 32.70.Jz
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Atomic clocks play important roles both in fundamen-
tal science and everyday life [1–3]. Given the increasing
demands on better frequency standards for diverse ap-
plications in measuring time variations of fundamental
constants [4, 5], exploring geophysical phenomena [6], de-
tecting gravitational waves [7], testing of general relativ-
ity [8], and searching for dark matter [9], more stable and
more accurate atomic clocks are needed. In comparison
with microwave atomic clocks, optical clocks potentially
can have better stability and systematic uncertainty due
to higher Q values. Optical clocks has seen rapid pro-
gresses in the past decades. The state-of-the-arts optical
clocks have achieved systematic uncertainties at 10−19
level [10–13], while the best Cesium fountain clocks have
fractional frequency uncertainties of 1.1× 1016 [14].
There are several possible routes to develop an opti-
cal clock. One is based on trapped ions in a Paul trap,
and one is based on neutral atoms trapped in an optical
lattice. Another possibility is to use active optical clocks
[15]. Potential choices of single ion species include Hg+
[16, 17], Sr+ [18, 19], Yb+ [20, 21], Ca+ [22, 23], In+
[24], and Ba+ [25], while potential choices of optical lat-
tice clocks and active optical clocks include Sr [26–29],
Yb [30, 31], and Hg [32, 33].
Due to the narrow natural linewidth of 8 mHz, the
1S0 →
3P0 transition of
27Al+ at 267.4 nm has been rec-
ognized as an excellent optical clock transition candidate.
Its electric quadrupole shift is negligible (J=0), therefore
the transition frequency is insensitive to the electric field
gradient in the ion trap [34]. Furthermore, blackbody
radiation contribution to the fractional frequency uncer-
tainty of the 27Al+ ion clock is as low as 4 × 10−19 at
room temperature (300 K), which is the smallest among
all atomic species currently under consideration for opti-
cal clocks [35]. However, 27Al+ ions could not be cooled
directly due to lack of the direct cooling laser at 167 nm.
Recently, a two-photon transition cooling based on the
transition of 3s2 1S0 → 3s3p
1D2 at 234 nm laser has
been proposed [36], which is still under development.
To overcome the cooling problem, a method of quan-
tum logic spectroscopy (QLS) was proposed to cool the
aluminum ion and to detect the clock transition [37]. In-
stead of observing the quantum states of 27Al+ ion di-
rectly, an auxiliary ion (for example, Be+, Mg+, Ca+),
named as logic ion, is used to coherently map the in-
ternal state of the 27Al+ ion to logic ion’s internal state
via the common phonon mode. The logic ion provides
sympathetic cooling, state initialization, and state de-
tection for the simultaneously trapped 27Al+ ion. After
Doppler cooling and resolved sideband cooling, both the
logic ion and the 27Al+ ion can be cooled to the vibra-
tional ground state. The Coulomb interaction of the ions
couples their motions. The state detection is achieved
through a coherent transfer of the 27Al+ ion’s internal
quantum state onto the logic ion. Using QLS method,
the first 27Al+ ion optical clock was successfully demon-
strated at the National Institute of Standards and Tech-
nology (NIST) [38]. Since then, several groups are work-
ing on QLS based 27Al+ ion optical clolcks [39–42]. In
our experiment 25Mg+ has been chosen as the logic ion.
In this Letter, we report the Raman sideband cooling
of the 25Mg+ and 27Al+ ions pair, the motional mode
of the ions pair are cooled to the vibrational ground
state with very small average phonon numbers so that
the internal states of 25Mg+ and 27Al+ ions pair could
be transferred coherently. The blue-sideband (BSB) of
27Al+1S0| 5/2, 5/2 > -
3P1| 7/2, 7/2 > transition is ob-
served using the QLS technique. The carrier transition
is also demonstrated, paving the way for the detection of
the 1S0 -
3P0 clock transition.
As described previously [43–45], a linear Paul trap is
used to trap the 25Mg+ and 27Al+ ions pair. It consists
of four blade electrodes and two end-cap tip electrodes.
The blade electrodes supply the radial confinement of
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FIG. 1. (a) The energy level of 25Mg+. The states of 25Mg+
are labeled by the total angular momentum number F and
the magnetic quantum number mF . For
25Mg+, |↓> ≡
2S1/2 | 3, 3 > and |↑> ≡
2S1/2 | 2, 2 >. The Raman laser is
red detuned 16 GHz, R-σ+ denotes Raman-σ+; R-pi denotes
Raman-pi, R-R denotes Raman Repump. (b) The energy level
of 27Al+. The BSB and carrier transitions of 27Al+ are per-
formed on 1S0| 5/2, 5/2 > -
3P1| 7/2, 7/2 > transition at 267.0
nm. The clock transition of 27Al+ is 1S0 -
3P0 at 267.4 nm.
(c) The experimental setup. Two FHG lasers (Laser1 and
Laser2) with a wavelength of 280 nm are used for Raman
sideband cooling and Doppler cooling, respectively. The z di-
rection is defined along the trap axis. The applied magnetic
field is 6.5 G.
trapped ions and the end-cap electrodes supply the axial
confinement. The distance from the center of the trap to
the blade electrodes is r0 = 0.8 mm, and the radius of
curvature of the blades is re = 0.3 mm and the collec-
tion solid angle is 0.8 sr [43]. The distance between the
center of the trap to the end-cap is z = 3.0 mm. The
blade electrodes is driven by a helical resonator with a
Q value over 400 and the end-cap is driven by a high
voltage power supply directly. Three extra rods running
along the trap axial direction are used for the compensa-
tion of stray electric fields in radial directions. The axial
compensation is implemented on the end-cap electrodes.
Two re-entrant fused silica viewports are installed on
the vacuum chamber to increase the collection efficiency
of the fluorescence laser and two sets of imaging lens are
installed outside of the viewports for photon counting
module and an electron multiplying CCD. The vacuum
chamber with a pressure below 5×10−9 Pa is maintained
by a 40 L/s ion pump, nonevaporable getter pump and
a titanium sublimation pump. Three pairs of Helmholtz
coils powered by a precise current source are mounted
around the vacuum chamber to compensate background
magnetic field and define the ion quantization axis with
a magnetic field of 6.5 G.
The 25Mg+ ion is loaded to the ion trap by two-photon
ionization of 25Mg atoms that are sputtered from a Mg
wire through laser ablation. The ionization laser is a
frequency-quadrupled 285 nm tunable diode laser sys-
tem. The ablation laser is a commercially available pas-
sive Q-switched laser at a wavelength of 532 nm with a
maximum pulse energy of 150 µJ, and a pulse duration
of 2 ns. The repetition rate could be adjusted from 0
kHz to 11.0 kHz. The 27Al+ ion is loaded to the ion
trap using the same laser ablation method. The ion-
ization laser is an extended cavity diode laser (ECDL)
with the frequency set to the resonance frequency of
2P3/2(F
′ = 4)− 2S1/2(F = 3) transition which was mea-
sured to be 756.547133(3) THz [46].
Two fourth-harmonic-generation (FHG) lasers with a
wavelength of 280 nm are used for Raman sideband cool-
ing and Doppler cooling of the trapped Mg ions, and one
FHG laser with a wavelength of 267.0 nm is used for BSB
and carrier QLS of 27Al+ ions. The laser frequencies of
280 nm are locked to a high precision wavemeter [47].
The one 280 nm FHG laser that is used for Doppler cool-
ing, repumping and state detection is frequency shifted
by two double passed AOM with a driving frequency of
450 MHz. The other 280 nm FHG laser is red-detuned
16 GHz from the resonance frequency, and is used as the
Raman-pi laser, the Raman-σ+ laser, and the Raman Re-
pump laser. The master laser of the FHG at 267.0 nm
is locked to a high-finesse 10-cm long ultra-stable Fabry-
Pe´rot reference cavity and has fractional frequency insta-
bility of 4.9×10−16 which is limited by the thermal noise
[48].
Figure 1 shows the partial energy levels of Mg ion and
Al ion. Doppler is the Doppler cooling beam and Repump
is the repumping beam. Both the Doppler and Repump
lasers are circularly polarized. R-σ+ and R-pi are the two
Raman laser beams used for the Raman sideband cooling.
During the Raman sideband cooling process, the | 2, 2 >
state is pumped back to the | 3, 3 > state by Repump
laser. But the 25Mg+ still has a small probability to fall
to the | 3, 2 > state. So the two Raman Repump beams,
R-σ+ and R-R, are used to pump the | 3, 2 > state to the
| 2, 2 > state. Here R-σ+ and R-R are circularly polarized
(σ) beam and R-pi is linearly polarized (pi) beam.
For Doppler cooling, the laser beam is red detuned by
half of the linewidth with respect to the transition from
|↓> to 2P3/2 | 4, 4 >, which is the cycling transition
for Doppler cooling and state detection. The frequency
between |↓> and |↑> is measured by the RF resonant
method [44] to implement Raman sideband cooling. This
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FIG. 2. The Raman sideband spectroscopy of 25Mg+. The
secular motion frequency of STR mode is 2.75 MHz, and the
secular motion frequency of COM mode is 1.58 MHz. The
mean phonon numbers of the STR mode and the COM mode
are 0.10(1) and 0.01(1), respectively.
frequency is also used to determine the magnetic field
inside the vacuum chamber.
There are two motional modes in each direction which
are named as “stretch” (STR) mode and “common”
(COM) mode, respectively [40, 49]. Here we concentrate
on the motional modes in axial direction of the ion trap
for the demonstration of the QLS. Although it is different
from the single ions in ion traps, the cooling strategy of
the ions pair can be optimized based on the same strategy
used for single ions. Based on our previous investigation
on the cooling strategy of single ions [44], we experimen-
tally optimize the Raman sideband cooling strategy of
the 25Mg+ and 27Al+ ions pair for the QLS. For efficient
cooling of the two motional modes, the second order red-
sideband (RSB) of STR mode, second order RSB of COM
mode, first order RSB of STR mode, and first order RSB
of COM mode are carried out alternately.
In the end, the motional modes of the 25Mg+ and
27Al+ ions pair are cooled to the vibrational ground
states, as shown in Fig.2. The mean phonon numbers
and the heating rates are two important parameters in
the QLS, which will determine the signal to noise ratio
and the coherent time of the quantum logic process. The
mean phonon number can be determined from the ra-
tio of the RSB height and the BSB height. The COM
mode is chosen as the transfer mode, and the mean
phonon number of the COM mode is estimated to be
n¯COM = 0.01(1). Due to the sequence of the cooling
strategy, the cooling effect for the STR mode is not as
good as the COM mode, and the mean phonon num-
ber of STR mode is determined to be n¯STR = 0.10(1).
The heating rates of the two motional modes are mea-
sured by inserting a sequence of delay without any laser
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FIG. 3. The BSB spectroscopy of 27Al+ 1S0| 5/2, 5/2 > -
3P1| 7/2, 7/2 > transition.
interactions after Raman sideband cooling and before
the Raman sideband detection. The heating rate of the
STR mode is measured to be 13(3) phonons/s, and the
heating rate of the COM mode is measured to be 5.5(1)
phonons/s. In comparison with the latest reports [40, 49],
the performance of resolved sideband cooling along the
axial direction is good enough for the QLS. The decoher-
ence rate of the carrier oscillation and BSB oscillation are
measured to be 21(4) µs and 162(27) µs, respectively.
After the ions are cooled to the vibrational ground
states, the QLS can be carried out. A typical QLS se-
quence consists of following steps [37]: (1) state prepara-
tion so that the Al ion is prepared in the specific ground
Zeeman state; (2) interrogation pi pulse on the Al ion,
which will change the internal state of the Al ion if the
probing frequency is correct; (3) BSB pi pulse on the Al
ion with the consequence to increase one phonon number
of the ion pairs; (4) RSB Raman pi pulse on the Mg ion
to transfer the internal state of the Mg ion from |↓> to
|↑>; (5) detection pulses to determine the internal state
of the Mg ion. When the Mg ion is on the |↓> state, an
average photon number of 11 will be observed with 100
µs detection time, and when it is on the |↑> the average
photon number is about 1 with the same detection time
[50].
Before the carrier QLS detection, we scan the BSB
frequency of the 27Al+ 1S0| 5/2, 5/2 > -
3P1| 7/2, 7/2 >
transition without the interrogation pulses of 27Al+. Fig.
3 shows the experimental data for the BSB spectroscopy.
The BSB pulses of 27Al+ are applied with constant in-
tensity and duration, corresponding to pi pulses on this
transition when the laser beam is tuned to the resonance.
Each data point is an average of 200 times. The observed
linewidth of the transition is Fourier-transform limited
with a fitted full width at half maximum (FWHM) of
13.5 kHz for an excitation pulse duration of tpi = 60 µs
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FIG. 4. (a) The 27Al+ 1S0| 5/2, 5/2 > -
3P1| 7/2, 7/2 > Rabi
transition based on QLS. The data are fit by sinc2 function.
(b) Rabi oscillation observed at the center frequency of the
Rabi transition. The data are fit by an exponentially damped
sinusoidal function.
. The contrast is limited by the fluctuation of the laser
power and the detection laser frequency of 25Mg+, mag-
netic fluctuation of the system, and radial motion Debye-
Waller factors.
After the BSB spectroscopy of 27Al+ is observed,
the carrier QLS could be carried out by the 27Al+
1S0| 5/2, 5/2 > -
3P1| 7/2, 7/2 > transition as an impor-
tant step of the operation of 27Al+ ion optical clock. Fig.
4 shows the Rabi spectroscopy and the Rabi oscillation on
the transition of 27Al+ 1S0| 5/2, 5/2 > -
3P1| 7/2, 7/2 >
based on QLS technology. The Rabi spectroscopy is car-
ried out by varying the frequency of the interrogation pi
pulses, and the BSB of 27Al+ is set on resonance with pi
pulses. The FWHM of the Rabi spectroscopy is 77 kHz
with a pulse duration of tpi = 10 µs.
The Rabi oscillation of internal state of 27Al+ is ob-
tained by varying the interrogation duration ti when the
the frequency of interrogation pulses is set on the center
of the Rabi spectroscopy. The observed coherent time of
18(8) µs is limited by the lifetime of the 3P1 excited state,
Rabi frequency fluctuations caused by the radial motion
Debye-Waller factors, and magnetic field fluctuations.
In conclusion, we demonstrate the QLS for the
1S0| 5/2, 5/2 > -
3P1| 7/2, 7/2 > transtion as a first step
for the operation of Al+ ion optical clock. As a premise
for the QLS, we also realize Raman sideband cooling of
the 27Al+ with 25Mg+ ions pair to the motional ground
states along the axial direction with the mean phonon
number of 0.01(1) for the COM mode, and 0.10(1) for
the STR mode. The heating rate is evaluated to be 13(3)
phonons/s for the STR mode and 5.5(1) phonons/s for
the COM mode. Next we plan to Raman sideband cool
the radial motional modes to the ground states, and to
improve the contrast and coherent time of the 27Al+ 1S0
- 3P1 transition. With these improvements, we expect to
detect the 1S0 -
3P0 clock transition through QLS in the
near future.
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